This paper presents a typical study regarding the creep interaction behavior between prestressed glass fiber reinforced polymer (GFRP) bar and concrete when this GFRP bar is subjected to a constant external pullout force. A number of optical fiber Bragg grating (FBG) sensors were mounted on GFRP bar surface by using an innovative installation method to measure strain distributions. Test results indicate that the complicated interaction at GFRP bar-concrete interface can be evaluated using a transitional factor. Variation trends of this transitional factor indicate three typical zones characterized by different strain/stress variation trends of the GFRP bar when prestress values are sustained at specific levels. These three typical zones include stress release zone, stress transition zone, and continuous tension zone. Test results also suggest that the instant stress loss at the interaction interface between concrete and GFRP bar was quite limited (less than 5%) in present test. Contributed proportion of each GFRP bar section was obtained to represent the creep behavior of the GFRP bar embedded in concrete. This investigation improved the understanding of the short-term interaction behavior between prestressed GFRP bar and concrete.
Introduction
Fiber reinforced polymer (FRP), as a newly developed composite material, has been widely used for temporary and longterm reinforcement of slopes, excavations, and retaining walls in recent years. The behavior of FRP bar, particularly glass fiber reinforced polymer (GFRP) bar composite material, is quite different from steel bars particularly in the stiffness and strength properties. In several engineering projects, GFRP bar has been accepted for the replacement of common steel bars due to the advantages of high resistance to corrosion under serve environmental conditions, high tensile strength, light weight, and ease of handling during production process. Bond strength at the interface between concrete and FRP bar material is a major concern to researchers and engineers accounted for safety analysis and engineering design. The most common measure to examine the interface strength is pullout (or compression) test, where the stress transferring mechanism can be comprehensively understood by the measurement of force-displacement relationships [1] [2] [3] [4] [5] . Some typical sensors such as fiber Bragg grating sensors were found to be very effective for the measurement of particularly small structural deformation [6] .
Creep behavior of GFRP bar embedded in concrete is normally investigated in terms of the frictional resistance mobilized at the interaction interface. Typical analytical studies show that the use of a proper mathematical model (or different stress-displacement relationships) to simulate the interface behavior between GFRP bar and concrete is possible [7] [8] [9] , while the practical interaction behavior is normally complex, depending upon a number of uncertain factors, such as bar types, surface treatment methods, surface degradation, and external temperature changes, [8, [10] [11] [12] [13] .
Researchers have made substantial contributions to the safety analysis of engineering structures reinforced by GFRP bars using mathematical models or from the analysis of practical measurement results [14, 15] .
Creep behavior between GFRP composite material and concrete is critical and normally examined using pullout tests or compression tests. This interaction process normally requires a time-dependent process [16, 17] . Long-term or short-time creep behavior is mostly realized by deformation (strain) measurement of FRP reinforced specimens under different loading tests (applied on concrete or FRP material). Sá et al. [7] examined the time-stress relationships of GFRP element subjected to sustained external loads using empirical methods. The effective stiffness reduced nearly 25% after a measurement period of more than one year. A good agreement between analytical predictions and measurement results is obtained. Sá et al. [18] also found that creepocity measured on fiber reinforced polymer (FRP) materials and pultruded glass fibre reinforced polymers (GFRPs) was quite significant after the first hour in experiment.
Other experimental studies indicate that the behavior of FRP material embedded in concrete is complicated. Ferrier et al. [19] carried out a systematic study on eight concrete specimens which were confined using FRP composite materials, with a new analytical approach proposed to predict the concrete behavior under compression. Major test results from Soong et al. [8] suggest that the maximum pullout force of the GFRP bar consists of debond load, bearing load, and frictional load. The quantified calculation of each force component was derived. Seracino et al. [20] adopted rheological model to predict the strain variation associated with time. The whole test lasted for one year. Creep strain shows significant rise in the first ten days when the concrete specimen was subjected to axial compression. Zhang et al. [21] performed a creep test study on four specimens, which were loaded for 312 days, and then all external loads were released to evaluate the deformation recovery behavior. A modified model was also adopted and the calculated results were used to verify the measurement data. The creep compression tests which lasted for about one year presented by Wang and Zhang [22] show that the creep behavior of the concrete confined by FRP has substantial effect on the elastic modulus and deformation capability. Other experimental studies indicate that the interaction behavior between concrete and FRP composite material is complex and depends on many uncertain factors, such as temperature level, creep behavior, water condition (tap-water or seawater), and moisture condition (wet or dry) [13, 23, 24] . This paper presents a typical experimental investigation regarding the creep interaction behavior of GFRP bars embedded in concrete and the related stress transfer mechanism during loading process. Basic test setup, an innovative installation method of optical fiber sensors, typical measurement results, and the related test findings are summarized and analyzed for better understanding of the creep interaction behavior at the interface between concrete and GFRP bar.
Materials Properties and Experimental Equipment
Glass fiber reinforced polymer (GFRP) material was adopted as reinforcement in concrete in present experiment. This composition material consisted of 17.3% epoxy resin, 75.7% glass fiber, and 7% silica. The concrete used in present study consisted of 14.3% cement, 28.6% medium sand, 50% gravel, and 7.1% water. Figure 1 shows a schematic view of dimensions of test specimen. The GFRP bar was 26 mm in diameter, 500 mm in free part length, and 300 mm in anchorage length in concrete. This dimension is similar to the most common GFRP bars used in practical field. Table 1 summarizes all parameter values of materials used in the present study. For the measurement of occurred strain along the GFRP bar during loading process, a total of five fiber Bragg grating (FBG) sensors were mounted on the GFRP bar surface with an innovative installation method. Locations of these five FBG sensors (in the anchorage part) were 0, 40, 110, 180, and 250 mm away from the GFRP bar head. In comparison with traditional strain sensors (e.g., strain gauge), FBG sensor is more sensitive to the occurred small deformation (the minimum resolution of FBG sensor is less than 10 ). This employed installation method of FBG sensors is a key procedure to reflect the real deformation of GFRP bar structures under external load. In this test, a 2 mm wide, 2 mm deep, and 15 mm long slot was created on the GFRP bar surface using an electric saw. The FBG strain sensor part was embedded in this slot carefully and fixed inside at the two ends with instant glue. Epoxy resin was then used to cover the whole sensor part. Normally after 2-3 hours, the FBG sensor could be encapsulated in this slot and used to measure the real strain change. Since FBG sensor is a flexible material and not sensitive to compression, all FBG sensors were maintained in slightly tension effect before placing into slots of GFRP bar surface. Figure 1 (upper part) presents a FBG sensor fully covered with epoxy resin in a slot of the GFRP bar surface. Typical photos of cross-sectional area and length of the GFRP bar are also shown in this figure indicating the exact location of a FBG sensor which reflects the magnitude of optical wavelength shift associated with external deformation and temperature change. The basic linear relationship between FBG sensor and the occurred strain can be found in Hong et al. [2] . Basic setup of pullout test of the GFRP bar embedded in concrete is also presented in Figure 1 . For the application of pullout force on the GFRP anchorage bar, a reaction frame was designed and installed on the bar head. A hydraulic jack was used between concrete specimen and stainless steel tube to apply pullout force on the anchorage part, with a load cell in between to measure the applied external load.
Pullout Test
After the concrete specimen was cured 28 days after grouting, a step loading method was employed on the GFRP bar head to examine the pullout resistance of the GFRP bar and the occurred strain distribution along this GFRP bar. Loading increment was 30 kN and was maintained 10 minutes for each loading step. The ultimate pullout force applied at the GFRP bar head was 210 kN. The pullout force was then reduced in a corresponding step by step form (load reduction for each unloading step = 30 kN). During the whole pullout test process, all load values and strain data were collected by load cell and optical fiber sensors, respectively. The frequency of strain data collection was 10 Hz.
Monitoring Strain Results and Analysis
As introduced in the previous section, the pullout force was applied step by step. Figures 2(a) and 2(b) show typical measured strain curves against pullout force measured by the optical fiber sensors at the locations 40 and 250 mm to GFRP bar tip. The maximum tension strain values measured in present test were about 5500 at the bar head and about 1600 at the location 250 mm to the GFRP bar head. This indicates that the FBG sensor is capable of identifying very large tension deformation. Figure 3 shows the measured strain distribution against pullout time. All the measured strain values increase in a step by step form, and the measured strain values decrease from GFRP bar head (40 mm) to the location close to the GFRP bar tip (250 mm) at different loading levels.
To better understand the transitional interaction behavior between GFRP bar and concrete, all measured strain data after pullout force was maintained at a specified level are summarized in present study. Figures 4(a) , 4(b), 4(c), 4(d), and 4(e) show the typical strain variation trends against time after a specified pullout force (210 kN) was sustained at the GFRP bar head. All strain data were collected immediately after the pullout force is applied and maintained at the GFRP bar head. It is clear that the strain values show different variation trends against time in all these figures. At the location close to the GFRP bar head, strain values show continuous reductions; for example, reductions of strain values at the locations of 0, 40, and 110 mm are around 76, 82, and 13 , respectively as shown in Figures 4(a), 4(b) , and 4(c). This suggests that the tension deformation of the GFRP bar relaxes slightly after the pullout force is immediately sustained. This GFRP bar deformation at the location of 180 mm shows slightly different variation trend compared with the locations near the GFRP bar head as shown in Figure 4 (d), where the measured strain values increase first then decrease substantially (maximum reduction is 16 ). Why? Immediately after the application of pullout force, the GFRP bar head would react first; then, a relevant tension deformation takes place at the bar head and starts to transfer long the longitudinal direction. At the deeper location like 180 mm in Figure 4 (d), pullout force requires a process to transfer and achieve this location, so that the measured strain increases first (due to the reaction of the GFRP bar to pullout force) and deformation relaxes progressively (strain release). Figure 4 (e) also verifies this observation; that is, the initial strain values increase substantially but show slight reductions afterwards. The optical fiber sensors used in present test show a relative high resolution and successfully identify very small strain values (less than 10 ).
Transitional Interaction Behavior between GFRP Bar and Concrete
Significant pullout force may result in debonding condition and damage the initial bonding state between GFRP bar and concrete. It is therefore crucial to understand the real strain/stress transfer process during and after the application of pullout force. From the measured strain results shown in Figures 4(a) -4(e), three typical interaction states can be obtained including consistent rise, obvious rise followed by a reduction, and continuous reduction of tension strain values. To better identify these three typical variation trends, a normalized parameter, namely, transitional factor , is proposed to represent these strain/stress development states of the GFRP bar as follows:
where , max , and min are present, maximum, and minimum strain values during the sustaining process of pullout force at the GFRP bar head. As ( max − min ) is a constant value for a specified pullout process, and ( max ≥ ≥ min ) always hold, so that 0 ≤ ≤ 1. This proposed transitional factor is a normalized factor, providing a basic evaluation of stress transition behavior (stress release or concentration) at various loading processes. A continuous increase (decrease) of value indicates a continuous development (release) of tension strain. It is noted that the normalized transitional factor is time-dependent and may vary substantially as time elapses. ). This may be interpreted as that, as a result of the pullout force at the bar head, the external load can be easily transferred into deeper locations close to GFRP bar head, leading to an substantial stress release effect immediately after the pullout load is maintained at the bar head.
In Figure 5 (c); at 90, 120, 150, and 180 kN in Figure 5(d) ), or increasing trends followed by an immediate decreasing trends (e.g., at 30, 60, and 90 kN in Figure 5 (c), 30 and 60 kN in Figure 5(d) ), and consistent increasing trends are found (e.g., at all loading levels in Figure 5 (e)). These continuous increasing trends of values suggest that, though pullout force values no longer increase at the bar head, the related mobilized tension effect still exists at certain depth of the GFRP bar. This tension effect along GFRP bar is transitional and normally requires a time consuming process (though the required time of this process may be quite limited). Continuous increasing trends of transitional factor normally present at high pullout force values (120, 150, and 180 kN in Figure 5(c) ; 90, 120, 150, and 180 kN in Figure 5(d) ). The calculated transitional factor becomes weaker and weaker and finally decreases with time at low pullout force values (30 kN and 60 kN in Figure 5 (c) and 30 kN in Figure 5(d) ). Main reason of this finding is that the high pullout force (e.g., 180 kN) leads to significant tension effect, and this tension effect is relatively strong and results in a corresponding highly transferring effect of strain/stress into deeper locations. All variation curves in Figure 5 (e) show continuous and substantial rise at 250 mm from GFRP bar head, which is also the deepest location among all sensors. The pullout effect at this location is the weakest. but the transferring effect requires a long time to approach the maximum tension strain, so that the tension strain values remain increase.
To summarize, from all observations in Figures 4(a)-4(e) and Figures 5(a)-5(e) , the interaction interface during pullout can be divided into three typical zones. Zone (a) is the location where tension deformation relaxes after the application of pullout force (corresponds to Figures 4(a)-4(c) and Figures 5(a) and 5(b) ). This is mainly due to the stress release process at the GFRP bar head or stress redistribution along the GFRP bar. Zone (b) is the GFRP bar location where transition part (between the process of strain release and the mobilization of tension effect) presents and passes (Figures 4(d) , 5(c), and 5(d)); that is, the occurred strain values increase first then decrease after the maximum tension strain is approached. Zone (c) is the location where the interface between concrete and GFRP bar is still subjected to tension effect. This is the case that the pullout effect at the GFRP bar head requires a process to transfer and achieve the bar tip (Figures 4(e) and 5(e) ). All these three zones are timedependent and can be transferred to each other after pullout force is sustained at the GFRP bar head.
As found from the previous section, the pullout deformation requires a process to approach the location close to the GFRP bar tip. The evaluation of this transitional process is critical for the understanding of the mechanical behavior of structures reinforced by GFRP composite materials. In the present study, a new factor, namely, normalized transitional time factor , is defined to quantify the transitional behavior of the GFRP bar in concrete as follows:
where max refers to the time interval required for a specified GFRP bar location to approach the maximum tension strain. Δ is the total measurement time which may vary significantly for different measurement tests and depends on the exact measurement time in different tests. For example, the measurement time for long-term and short-term tests varies significantly. In addition, this factor can be extended for assessing the transitional behavior of different structures, for example, soil nails, anchor bars, and so forth. A high value indicates a related long time required mobilizing the maximum tension strain, and this may be suitable for the case where long GFRP bars are used in concrete structures.
The calculated results of normalized transitional time factor are summarized against time in Figure 6 . Only three typical cases are considered, that is, the locations of 110, 180, and 250 mm to the GFRP bar tip, and as for other two locations (0 and 40 mm), the related values are all zero. That is, the maximum tension strain is approached immediately after pullout force is sustained at the GFRP bar head. It is clear from Figure 6 that value increases from 0 at pullout force of 30 kN to almost 1.0 at the pullout force 120 kN and remains a constant value as pullout force further develops (from 120 to 180 kN). While for the sensor location 180 mm, value increases initially as well but approaches a constant value at the pullout force of 90 kN, which is lower than that at the location of 110 mm. All values almost approach a constant value at sensor location 250 mm, indicating that the maximum tension effect remains to develop during the whole testing process. The initial low value indicates that the smaller the sensor distance to GFRP bar head, the lower the value, as well as the slower the mobilization of the maximum tension strain particularly at high pullout force levels. The increase of pullout force or the reduction of the sensor distance to the GFRP bar head contributes to a high value (or a relatively long time to mobilize the maximum tension strain).
Stress Redistribution of GFRP Bar Subjected to Pullout Force
Stress loss would occur after the application of pullout force. Two typical processes of stress loss may be involved, such as instantaneous loss and long-term time-dependent loss.
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The instantaneous loss of stress may be due to elastic shortening and stress release of the reaction frame, and so forth, while the long-term time-dependent loss of stress may be a result of creep, shrinkage, and release problems associated with the interaction behavior between concrete and GFRP materials. In order to simulate the process of instant stress loss, only the strain data ten minutes after the sustaining process of pullout force at the GFRP bar head were selected in analysis. It is noted that the selection of ten minutes may not be long enough for assessing initial stress loss, but the present consideration is only an example, which may be a typical reference for practical consideration and also a comparison with more data to be collected in further tests. The stress loss coefficient is obtained by dividing the minimum axial stress/strain by the maximum axial stress/strain as follows:
where min and max are minimum and maximum axial strain values that resulted from pullout force, respectively. It is noted that bending effect of GFRP bar in pullout test is ignored in this study. Figure 7 shows relationships of average stress loss against pullout force at different GFRP bar locations. It is clear the proportion of stress loss decreases as the increase of pullout force, and all percentages of stress loss are extremely limited (lower than 4%). As the increase of pullout force, the mobilized axial force (or strain) increases as well, but the proportion of axial stress loss at high pullout force levels shows relatively minor reductions; that is, the pullout force increases much faster than the increasing rate of the corresponding stress loss, though the stress loss that occurred at low loading levels is not as significant as that at high loading levels. Variation trend of average percentage of stress loss shows a similar variation trend, with an average percentage loss of stress which reduces from 2.2% (bar head) to about 1.5% (bar tip). All percentages of stress loss are very limited in the short-term period after the pullout force is sustained.
Contribution of Pullout Resistance of Each GFRP Bar Section
The interface between GFRP bar and concrete contributes frictional resistance which is equal to the pullout force applied at the GFRP bar head. The investigation of the pullout resistance contribution from different GFRP bar sections is useful for understanding the interaction mechanism (particularly the transitional interaction behavior) between GFRP bar and concrete. In this study, the GFRP bar is divided into four sections by optical fiber strain sensors. Each bar section contributes certain frictional resistance. From obtained strain results, the corresponding axial force distribution along the GFRP bar can be determined using the following relationship:
where is the axial force ( = 1, 2, 3, 4), and are the crosssectional area and the GFRP bar modulus, and denotes the measured strain. The axial force difference at the two ends of each bar section is also the frictional resistance and can be calculated as follows if the measured two point strain values and −1 are known:
The total (or applied) pullout force of the GFRP bar head is 1 , which can be obtained using the strain 1 measured at the GFRP bar head, so that the contributed percentage of each GFRP bar section is written as follows:
where is the contributed proportion of pullout resistance of each GFRP bar section ( = 1, 2, 3, 4). 4 is the calculated axial force (50 mm) close to the GFRP bar tip. Equation (6) indicates that the contributed percentage of all GFRP bar sections can be examined using all strain sensor readings. The contribution of frictional resistance from different GFRP bar sections is calculated and summarized in Figure 8 , where the average percentage of frictional resistance contributions of different sections (Section 2 to Section 4 from GFRP bar head to tip divided by four FBG sensors inside 8 Mathematical Problems in Engineering concrete) is obtained by using (6) . Section 2 is the bar part close to the loading position. At relatively low loading levels, for example, 60 kN, the contributed percentage of frictional resistance of Section 2 (closest to the GFRP bar head) is 36%, which is higher than that of Section 3 (30%) and Section 4 (18%). Because of the increase of the pullout load, the contributed proportion of frictional resistance of Section 2 is around 44%, while the contributions of the last two sections (Sections 3 and 4) become closer and closer. The contributed percentage of frictional resistance changes from 30% for Section 3 and 18% for Section 4 at the load of 60 kN to 27% for Section 3 and 26% for Section 4 at the load of 180 kN. This is also a result of the load transferring effect from GFRP bar head to the bar tip.
Conclusions
A typical study regarding the creep analysis of GFRP bar embedded in concrete is presented with the focus on the GFRP bar behavior after the pullout force is sustained at a specific level. Based on a comprehensive and quantified analysis, transitional stress transfer state at the interface between GFRP bar and concrete and stress contributions of different GFRP bar sections are presented and analyzed to better understand the interaction characteristics of GFRP bar. Conclusions and typical findings are summarized as follows.
(1) The measured strain values after the pullout force is sustained at a specific level show continuous increase, or increase first then decrease, or decrease continuously as time elapses. The interface between concrete and GFRP bar may be divided into three typical zones characterized by the above different strain variation trends, including the stress release part, the stress transferring part, and the part subjected to continuous tension effect.
(2) A normalized transitional factor is proposed to identify the strain/stress development state of the GFRP bar. The three typical variation trends of value, continuous rise or reduction, or rise first followed by typical reduction indicate three corresponding stress transferring states, that is, a continuous development of tension deformation, a continuous release of tension stress, and a presence of stress transitional zone.
(3) The proportion of stress loss decreases as the increase of pullout force, and all percentages of stress loss are extremely limited (lower than 4%). As the mobilized axial force (or strain) increases, the proportion of axial stress loss at high pullout force levels shows relative reductions. All percentages of stress loss are very limited in the short-term period after the pullout force is sustained at a constant level.
(4) Contributed percentage of frictional resistance of GFRP bar decreases from bar head to bar tip at constant pullout load. As the pullout load becomes higher and higher, the contribution proportions of frictional resistance for the two bar sections in the deeper locations become closer and closer. This is due to the load transferring effect along the GFRP bar.
